Abstract: This paper deals with a kind of robust control method. It is well known that in the general control architectures there exits tradeoff between control performance and robustness. To overcome this tradeoff problem, we propose a kind of 2DOF(2-Degree-Of-Freedom) control system, which discriminates between control performance and robustness. We propose a compensator structure to minimize model error and achieve high control performance by using two compensators. The design method of the proposed structure is proposed, and the effectiveness is shown by control simulations.
INTRODUCTION
Control system design is developed around modelbased control [1] [2] [3] . Many control system design methods such as linear quadratic regulator can achieve desired performance by accurate modeling of a plant. However, it is difficult to obtain accurate model of a plant because of variation of plant parameters, observation noise and so on. When there exists a gap between a plant and its model, designed controller for the model cannot achieve desired control performance for the actual plant.
Robust control design which can adapt to perturbed plant is expanded around H ∞ control method. In general, a goal of robust control is to design the controller which satisfies desired performance for all plants in a model set. Since the controller is designed to satisfy a performance for all plant models, the response of the control system with robust controller tends to be late response. Moreover, it is difficult to evaluate important characteristics, rise time and overshoot etc., of control system by robust control setting. Therefore, there is a problem that the classes which can be dealt with is limited. For example, past robust control methods can deal with target value tracking control, however it is difficult to handle deadbeat control, nonlinear control, and so on.
Therefore, the 2DOF control system is effective to achieve both of control performance and robustness. It is necessary to design two controller for operation of the 2DOF control system.
In this paper, we propose a control structure to minimize model error. The control structure has FB(feedback) controller which reduces a gap between a plant and its nominal model and FF(feedforward) controller which improves nominal performance. The proposed compensator contains internal model, and is intimately related to IMC (Internal Model Control) structure [4] , GIMC (Generalized Internal Model Control) structure [5, 6] and so on. The proposed structure can be divided into control performance and robustness, explicitly.
COMPENSATOR TO MINIMIZE MODEL ERROR
In this section, we propose a design method of compensator based on a model set minimization (Fig.1 ).
Minimizing a model set of plant, it is expected to reduce the response variation caused by modeling error.
Let P (s) be a stable plant, and the following equation holds.
We assume that P (s) can be divided into a nominal model P n (s) and a model error ∆ P (s) as follow:
P (s), P n (s) and ∆ P (s) have the same dimension. Model errors ∆ P (s) satisfy the following condition.
where W (s) is a weighting function. Then P (s) has a multiplicative error. The sets of ∆ P (s) for all stable ∆ are defined as set ∆ P . The control performance is given for the FF control system in Fig.2 , where F (s) is FF controller and compensated system P ′ (s) is composed by original plant P (s) and compensator H(s). Compensator H(s) is designed to minimize model error of P (s), and it enforce inputoutput relation from u ′ to y close to P n (s). Then, H(s) should satisfy following conditions. 
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In addition to above two conditions, we consider that
The proposed compensator of this paper is shown in Fig.3 . The compensator is composed referring to the IMC structure. The response difference between P and P n is used as a feedback signal and the model error is reduced by C F B . As a result, it is expected that P ′ and P n become similar in the meaning of input-output relation. When P = P n holds, Fig.3 is equal to an ideal open-loop system, and satisfies P ′ = P n . In case P is SISO plant, the transfer function from u ′ to y can be written as follow.
The effectiveness of the proposed structure is shown by a numerical example. We give the controller and plant as P = K 1 /(T 1 s + 1) with T 1 ∈ [0.8, 1.2], and K 1 ∈ [0.9, 1.1], P n = 1/(s + 1), and FF controller F = (s + 1)/(0.2s + 1), FB controller C F B = (10s + 3)/s.
Step responses of FF control for P are shown in solid lines of Fig.4 , and the responses of the proposed compensator P ′ are shown in solid lines of Fig.5 . Broken lines are ideal responses for the nominal plant with FF controller. Dash-dotted lines are step responses of P n . We can see that the response variation in Fig.5 is smaller than that in Fig.4 . As a result, the compensator can minimize model error, and the effectiveness of proposed structure is shown.
Note that the design for C F B might be difficult for some class of plant, such as non-minimum-phase system. Therefore, we will consider a design method of C F B in below.
A DESIGN METHOD OF COMPENSATOR BASED ON A MODEL ERROR
FB controller C F B should be designed to satisfy the following two conditions. 1. C F B minimizes a model error of plant 2. C F B is a robust stabilizing controller for P ′ (s). By using on amount of model error ∆ P ′ = P ′ − P n , a response error with nominal model ∆y is given as
Equation (5) means that ∆ P ′ should be minimized to satisfy condition 1. The minimization problem of a model error ∆ P ′ is handled. Using Equation (4) and (5), ∆ P ′ can be written by the following equation.
∆ P ′ is represented as product of ∆ P and sensitive function of standard unit feedback systems. Let us consider the following evaluation function to minimize ∆y.
We design C F B which minimizes γ for the worst ∆ * . If γ can be reduced, it is expected that ∆y becomes small. Especially, the following equation consists when 0 ≤ γ < 1.
In consequently, minimization problem of a model set can be regarded as minimization problem of γ. However, the relative degree of P is greater than or equals to 1, optimal C F B is obtained as the non-proper function. Based on this fact, we consider the following design problem.
[Problem A] Find C F B which minimizes the following evaluation function Γ Γ = min
where W e (s) is an evaluation weighting function.
Here, problem A is the minimization problem of performance level Γ for an uncertain system including ∆ * . It is necessary to give the relative degree of W e so as to be greater than or equal to 1 in order to design appropriate C F B .
When we solve problem A, it is necessary to consider condition 2 at the same time. In Fig.3 , the stability of the system is essentially equivalent to the stability of the feedback system with closed loop L = P C F B since P n is stable. Assuming that P has a multiplicative error, the stability condition of Fig.3 is given by the following formula based on the small gain theorem.
It means that it is necessary to minimize complementary sensitivity function T (s) = P n C F B /(1 + P n C F B ) for robust stability. As a result, the design method of C F B can be transformed to H ∞ mixed sensitivity problem. This design problem can be solved numerically by µ synthesis.
NUMERICAL EXAMPLES
The effectiveness of the proposed design problem is shown by numerical examples. The proposed structure is applied to several SISO system, and the unit step responses are shown.
Effect of proposed method
First, the proposed structure is applied to 1-order minimum phase system given as Simulation result is shown in Fig.6 . Solid lines of Fig.6 are responses of the system with random-selected K 1 and T 1 . The response variation in Fig.6 is small rather than that in Fig.5 . Therefore, the effectiveness of proposed design method is confirmed.
2nd-order system
We consider about 2nd-order minimum phase system given as
where a ∈ [0.9, 1.1], and b ∈ [0.9, 1.1] are given. The effectiveness of the proposed method applied to high-order system is shown through control simulation for (11). FF controller and the weighting functions are chosen as follows. Control result with FF controller is shown in Fig.7 and that with the proposed structure is shown in Fig.8 . In  Fig.7 , the response variation caused by model error exists. However, in Fig.8 , responses are close to broken line (nominal response). As a result, the proposed method can reduce the effect of model error in high-order system.
MIMO system
In this section, we consider about applying the proposed method to MIMO system. In Fig.3 , if P is a MIMO system given as
the transfer function from u ′ to y can be written as
When we assume that P = P n (∥∆∥ ∞ = 0) and FB controller C F B is stable, following equation holds.
Equation ( The effectiveness for the MIMO system is evaluated by a numerical example. We give 2-input-2-output system P as follow :
where K 11 ∈ [0.9, T . There is the response variation clearly in original outputs shown in Figs.9,10. On the other hand, applying the compensator to the system reduces the response variation in Figs.11,12. As a result, the proposed method can improve the property of MIMO system.
CONCLUSION
Compensator structure to minimize model error is proposed in this paper. The proposed compensator is com- 
